Congenital pulmonary venous anomalies are not uncommon that can occur either in isolation or in association with different forms of congenital heart disease. Clinical presentation of these anomalies may vary from the relatively benign single anomalous partial pulmonary venous return to life-threatening critical obstructed total anomalous pulmonary venous return. Accurate delineation of these anomalies and accompanied cardiovascular anomalies are crucial to guide decision making in these patients. Low-dose high-pitch dual-source 256-detector multidetector computed tomographic angiography is a fast and reliable imaging modality allowing comprehensive noninvasive anatomic imaging in neonates and children with congenital pulmonary venous anomalies with lower radiation doses and should be preferred for these patients after transthoracic echocardiography.
Congenital pulmonary venous anomalies are frequent in patients with congenital heart disease and they are especially common in patients with atrial and visceral situs anomalies. These anomalies range across the entire spectrum from incidental findings to conditions that are lethal if untreated. Accurate delineation of these anomalies and accompanied cardiovascular anomalies are crucial to guide decision making in these patients. Though congenital pulmonary venous anomalies have been assessed traditionally with echocardiography and catheter angiography, magnetic resonance (MR) imaging and multidetector computed tomographic (MDCT) angiography are playing increasing roles in diagnosis and follow-up of these anomalies. These imaging modalities help overcome the limitations of echocardiography, including a poor acoustic window and poor depiction of extracardiac vascular structures, as well as limitations of catheter angiography such as overlapping of adjacent vascular structures, difficulty in simultaneously demonstrating systemic and pulmonary vascular systems, catheter-related complications, and relatively high doses of ionizing radiation [1] . Even though the great capabilities of MR imaging for anatomic and functional evaluation of the heart, it is time consuming and may require a lengthy period of patient sedation; therefore, the use of MR imaging in seriously ill or uncooperative patients is often limited. In recent times, MDCT angiography has increasingly been used in the assessment of patient with suspected or known congenital heart disease, especially in patients in whom associated vascular anomalies must be ruled out [2] . MDCT scanners with a high volume of coverage (i.e., 128 or more slices per gantry rotation) permit faster and more accurate assessment of the vascular anatomy compared with first-generation multidetector technology, with lower radiation exposure and without the need for sedation [3] .
In this article we review embryologic bases and clinical features and we illustrate low-dose dual-source 256-detector MDCT angiography images of congenital pulmonary venous anomalies including total anomalous pulmonary venous return (TAPVR), partial anomalous pulmonary venous return (PAPVR), scimitar syndrome, cor triatrium sinister, levoatriocardinal vein (LACV), congenital pulmonary vein stenosis or atresia, and malposition of the septum primum.
MDCT Scanning Technique
MDCT angiography examinations were performed using a dual-source 256-MDCT scanner (Definition Flash; Siemens Healthcare, Forchheim, Germany) with a sectional collimation of 2 Â 128 Â 0.6. Noneelectrocardiography-gated protocol with pitch factor of 3 is used and every scan was obtained with z-axis modulation technique (CARE Dose; Siemens Healthcare, Erlangen, Germany). The voltage and tube current were adjusted to the patient's weight as follows: 80 kV dosage was used for patients weighing <20 kg, and 100 kV for 20-80 kg, and tube current was 10 mA/kg for patients weighing less than 9 kg, and 5 mA for each additional kg. The FOV was extended from base of the neck to the diaphragma. The imaging data was acquired during an intravenous injection of 1-1.5 mL/kg iodinated contrast agent (Iodixanol, Visipaque 320 mgI/mL; GE Healthcare, Milwaukee, WI) at a rate of 1-3 mL/s for infants and older children but manually administered in neonatas or infants younger than 1 year. Contrast material was followed with a chaser of 4-15 mL saline solution. The scanning delay is determined with a bolus tracking technique, with control images positioned in the left ventricle in the axial plane. As contrast material was clearly visualized within left ventricular cavity, the scan was initiated with a 2-second delay. In older children, the scan was started 7 seconds after the attenuation of region of interest positioned in the ascending aorta reached 150 Hounsfield units. Images were reconsructed to 1 mm in thickness and interval reconstruction with a 25f kernel filter and were processed on a separate workstation (Syngo.via; Siemens Healthcare, Forchheim, Germany) with multiplanar reformatting, maximum intensity projection, and volume rendering. In this study, the mean age of the patients with pulmonary venous abnormalities was 4.3 years (range 4 days to 15.7 years). The overall mean effective radiation dose was 1.03 mSv (range 0.15-4.25 mSv), and it was 0.52 mSv (range 0.12-0.74) in the patients younger than 1 year old.
Embryology of the Pulmonary Veins
During the 2 months in embryonic life, the primordial lung buds develop from the foregut and initially drain into splanchnic plexus, which communicates with primordial systemic veins (paired cardinal veins and umbilicovitelline veins). At the same time, an outpouching from the dorsal wall of the primitive left atrium forms a common pulmonary vein. With time, the common pulmonary vein communicates with the portion of splanchnic plexus that drains blood from the lungs. Later, when the lung buds fuse the common pulmonary vein, the connections between the pulmonary veins and the cardinal and umbilicovitelline veins are involuted. Subsequently, the common pulmonary vein becomes incorporated into the left atrium so that the individual pulmonary veins connect separately and directly to the left atrium. The right cardinal venous system eventually develops into the right superior vena cava, whereas the left cardinal venous system mostly disappears and may potentially develops into a left superior vena cava. The umbilicovitelline veins develop into inferior vena cava, portal venous system, and ductus venosus. Pulmonary venous developmental anomalies arise when any of these processes fails to occur properly [4] .
Normal Pulmonary Venous Anatomy
Normally, 2 superior and 2 inferior pulmonary veins are present, on each side. The right superior vein usually drains the right upper and middle lobes and the left superior vein drains the left upper lobe, including the lingula. The inferior pulmonary veins drain their respective lower lobes.
Variation of Pulmonary Venous Anatomy
Approximately one-quarter of the population has a deviation from normal pulmonary venous drainage. Common or conjoined pulmonary vein occurs when superior and inferior veins combine proximal to the left atrium, resulting in only 1 atriopulmonary venous junction on the involved side. If the distance between the virtual border of the left atrium and the bifurcation of both pulmonary veins is 0.5 cm or larger the ostium is defined as a common. It is located more commonly on the left (14%) than the right (2%). Accessory or supernumerary pulmonary veins are extra veins with independent atriopulmonary venous junctions separate from the superior and inferior pulmonary veins. Accessory drainage can be complex but occurs more frequently on the right side, with separate drainage of the right middle lobe or superior segment of right lower lobe occurring most often [5] . Accessory veins typically have a narrower atriopulmonary venous junction than do the superior and inferior pulmonary veins. Early branching is defined as bifurcation of the pulmonary vein in 2 or more separate branches within 1 cm of their origin of the left atrium. Although these variations may be incidentally detected at imaging performed for another reason and have no functional significance, accurately describing of these anomalies are critical in patient undergoing interventions on the pulmonary veins, such as radiofrequency catheter ablation (RFCA) for atrial fibrillation [5] . Paroxysmal atrial fibrillation is initiated by trains of spontaneous activity originating from the pulmonary veins in most of patients, with almost half arising in the left superior pulmonary vein. In most individuals, sleeves of the left atrial myocardium extend into the pulmonary veins for a distance of 2-17 mm. The myocardial sleeves are longest in the superior pulmonary veins and thickest at the venoatrial junction of the left superior pulmonary vein. RFCA of all electric connections to these veins can eliminate paroxysmal atrial fibrillation. Because RFCA is preferably applied at the venoatrial junction of all the pulmonary veins to avoid stenoses and eliminate osteal remnants that may contribute to recurrent atrial fibrillation, knowledge of how many pulmonary veins are present, and their ostial locations, is important to ensure that all the ostia are ablated. Knowledge of the distance from each ostium to the first bifurcation of each pulmonary vein is important to prevent postablation pulmonary vein stenosis [5] . 
Total Anomalous Pulmonary Venous Return
TAPVR is a rare anomaly, accounting for approximately 1%-3% of all cardiovascular abnormalities [6] . TAPVR results from early atresia or failure of development of the common pulmonary vein during embryonic development, with persistence of at least 1 connection to the cardinal or umbilicovitelline venous system [4] . In this anomaly, the pulmonary veins have no connection with the left atrium and connect directly to the right atrium or 1 or more systemic veins. TAPVR is a reason of neonatal cyanosis and may rapidly result in death when blood is not shunted from the right heart to the left heart. This shunting typically occurs through either an atrial septal defect, patent foramen ovale, or less commonly, a patent ductus arteriosus. TAPVR is usually isolated but may be a component of complex cardiovascular disease such as heterotaxy syndrome.
TAPVR is typically classified into 4 subtypes according to the site of drainage of the pulmonary veins to the systemic venous circulation, including supracardiac, cardiac, infracardiac, and mixed forms.
Supracardiac drainage is most common type, accounting for approximately, 44% of TAPVR cases [4] . The pulmonary veins drain a confluence posterior to the left atrium and an ascending vertical vein originates from this confluence and passes usually anterior to the left pulmonary artery and most often drains into the left innominate vein (Figure 1 ). Rarely, it may drain directly the right or left superior vena cava or azygous vein (Figures 2-4 ). Unusually, vertical vein passes between the left pulmonary artery and the left bronchus, leading to pulmonary venous obstruction [7] . This manifests as marked cyanosis and severe pulmonary oedema. The site of entrance to the innominate vein rarely may also be narrowed, leading to obstruction (Figure 3 ).
Cardiac type (type 2) of TAPVR, accounts for approximately 21% of TAPVR cases [4] . In this type, pulmonary venous confluence drains directly to the right atrium, usually through the coronary sinus ( Figures 5-7 ). Obstruction is unusual in this type of TAPVR.
Infracardiac type (type 3) of TAPVR represents approximately 26% of the cases of TAPVR [4] . The pulmonary veins drain a confluence posterior to the left atrium and a descending vertical vein originates from this confluence, passes through the esophageal hiatus and drains below the diaphragm to portal venous system (most commonly), inferior vena cava, hepatic veins, ductus venosus, or azygous vein (Figure 8 ). The descending vertical vein may be obstructed, usually at the level of the diaphragm, due to extrinsic narrowing, resulting in neonatal pulmonary oedema. Though, obstruction may occur in any type of TAPVR, it is most common in the infracardiac type, being present in up to 85% of patients [8] .
Mixed type (type 4) is the least common type, accounting for approximately 9% of TAPVR cases [4] . In this type, pulmonary veins drain to at least 2 different locations, including innominate vein, superior vena cava, azygos vein, coronary sinus, right atrium, or below the diaphragm (Figures 9 and 10) .
The diagnosis of TAPVR is usually made by echocardiography accurately, but MR imaging or MDCT angiography have been shown to provide complete anatomic information for preoperative planning. They are particularly valuable in the characterisation of mixed forms of TAPVR and cases of TAPVR associated with complex cardiovascular anomalies, such as heterotaxy syndromes, echocardiography may be limited in such cases [1e3,7] . MDCT angiography may be particularly advantageous in critically ill neonates with obstructive TAPVR.
Partial Anomalous Pulmonary Venous Return
PAPVR has an incidence of 0.4%-0.7% [9] . Embryologically, it occurs when some but not all segments of a developing lung fail to establish connections with the common pulmonary vein and instead retain their connections to the cardinal or umbilicovitelline veins [4] . In PAPVR, at least 1, but not all, pulmonary veins drain to a location other than the left atrium. Anomalous right pulmonary veins can drain into the superior vena cava, right atrium, azygous vein, inferior vena cava, hepatic vein and portal vein (Figures 11-13 ). On the left side, the most common drainage sites are left innominate vein, coronary sinus, or hemiazygos vein. The most common type of PAPVR is an anomalous right upper lobe pulmonary vein draining to the superior vena cava or the right atrium ( Figure 11 ). This anomaly is accompanied by a high prevalence (80%-90%) of superior sinus venosus type of atrial septal defect located high in the septum near the superior vena cava orifice. Anomalous pulmonary vein of the left lung most commonly drains the left upper lobe. After entering the mediastinum, it continues cephalad and lateral to the aortic arch as a vertical vein, and joins the left innominate vein (Figure 12 ).
Physiologically, PAPVR results in a left to right shunt, similar to an atrial septal defect. The majority of patients are asymptomatic during infancy and childhood. However, those with significant left to right shunt eventually develop symptoms. The flow ratio of pulmonary to systemic blood flow is used to determine the significance of the shunt. The ratio (QP/QS) of !1.5:1 generally require surgical repair.
Anomalous dual pulmonary venous drainage is present when a portion of lung drains to both the left atrium and a systemic vein. Patients may be asymptomatic or may present later in life with congestive heart failure. Transcatheter endovascular treatment of this anomaly by either occluding the anomalous pulmonary vessel or covering the vessel's anomalous insertion with an endograft have described in the literature [10] .
Scimitar Syndrome
Scimitar syndrome (hypogenetic lung or pulmonary venolobar syndrome) is a rare form of PAPVR that almost exclusively involves right lung. In this anomaly, a portion or all of the right pulmonary venous flow drains to the inferior vena cava, (above or below the diaphragm), hepatic veins, portal venous system, azygos vein, or right atrium ( Figure 14 ). Other findings of scimitar syndrome include a small ipsilateral hemithorax, hypoplasia of the right lung and right pulmonary artery, and cardiac dextroposition. An anomalous arterial supply to the right lung from the aorta or its branches such as the celiac axis is also frequent and often supplies a pulmonary sequestration [11] .
Cor Triatrium Sinister
Cor triatrium sinister is defined by the presence of an obstructive fibromuscular membrane that divides the left atrium into proximal (or posterior) and distal (or anterior) chambers ( Figure 15 ). The proximal chamber receives blood from the pulmonary veins and anterior chamber delivers blood to the mitral valve. Blood may flow from the posterior chamber to the anterior chamber through a fenestration in the membrane. Alternatively, blood may flow from the posterior chamber to the right atrium via an atrial septal defect or anomalous venous structure. The clinical presentation depends on the degree of obstruction by the membrane, the stenosis of the pulmonary venous drainage and the atrial septal defects.
Levoatriocardinal Vein
The LACV is an anomalous pulmonary-to-systemic collateral vein connecting the left atrium or 1 of the pulmonary veins to a systemic vein, usually the left innominate vein (Figure 16 ). Embryologically, it represents persistence of a connection between the splanchnic plexus and cardinal venous systems. In most of cases, left-sided obstructive lesions including mitral atresia, hypoplastic left heart syndrome and cor triatrium were observed and in these patients with functionally single ventricle physiology, the LACV serves as a pop-off for the hypertensive left atrium, permitting pulmonary venous drainage to enter the systemic circulation [2, 12] .
Congenital Pulmonary Vein Stenosis or Atresia
Congenital pulmonary vein stenosis may represent as hypoplasia of the entire vein or as a focal lesion along the course of the pulmonary vein, usually at its insertion into the left atrium ( Figures 14C and 17) . It usually associated with other cardiac anomalies, but it may be an isolated anomaly. The clinical presentation depends on the number of involved veins and the severity of pulmonary venous obstruction [8] . Bilateral pulmonary vein stenosis is characterised by recurrent pulmonary infections, hemoptysis, growth failure, and pulmonary hypertension. MR imaging or MDCT is generally required because it is difficult to definitely diagnose stenosis of pulmonary veins with echocardiography.
Malposition of the Septum Primum
Malposition of the septum primum is defined displacement of the septum primum leftward in atrial situs solitus or rightward in atrial situs inversus ( Figure 18 ). It appears to be responsible for anomalous drainage of normally connected pulmonary veins. Embryologically, the normal growth and attachment of the septum primum on the septum secundum are essential for the alignment of the common pulmonary vein with the left atrial cavity. When the superior limbic band of the septum secundum fails to develop, the cephalad crescent border of the septum primum remains unattached and could be carried leftward by the bloodstream of the fetal circulation, which proceeds from the right atrium towards the left atrium. Depending on the degree of septum primum displacement towards the left atrium, half or all of the pulmonary veins may drain into the right atrial cavity, despite their normal connection to the left atrium [13, 14] . With extreme degrees of malposition, the left heart hypoplasia may also result because of lack of the left heart filling. Malposition of the septum primum occurs predominantly in patients with visceral heterotaxy, usually with polysplenia, or rarely with asplenia or a normally formed spleen. Malposition of the septum primum must be distinguished from other forms of PAPVR or TAPVR because the treatment is different.
Conclusion
Congenital pulmonary venous anomalies have a broad spectrum and their clinical presentations may vary from the relatively benign single PAPVR to the critical obstructed TAPVR. The presence and course of the anomalous pulmonary veins and associated cardiovascular anomalies can be reliably detected by 256-slice MDCT angiography with lower radiation doses. High-pitch dual-source MDCT angiography should be prefer for patients with congenital pulmonary venous anomalies after transthoracic echocardiography.
